The cooling process of a biological phantom using ice slurries with different geometries in a limited space was experimentally investigated. Ice slurry has recently been considered to as a solution to cool organs in the abdominal cavity efficiently and rapidly to suppress biological reactions during minimally invasive laparoscopic surgeries. However, previous studies have not focused on the interactions between ice slurry and biological tissues in the abdominal area. In this study, we aimed to investigate the effects of ice slurry geometry, enclosure width Lw, and mimic-blood flow rate Qb on the cooling of a biological phantom using ice slurry in a limited space. We prepared the same volume of ice slurry using different geometries with an ice packing factor of 25 wt% using a scraper-type method to place on the phantom surface. We observed the melting behaviors of the ice slurries and measured the surface and core temperatures of the biological phantom. It was found that the supply methods of the ice slurry affected the cooling of biological tissues significantly. When the ice slurry width was the same as that of the enclosure, the ice slurry floated on the melted slurry and inhibited the cooling of the biological phantom. When the slurry width was small compared to that of the enclosure, the slurry remained in contact with the phantom, thus resulting in its efficient and rapid cooling. The mimic-blood flow promoted the melting of the ice slurry increased the heat flux on the phantom surface. However, the core temperature was not affected. Thus, the core temperature cannot be reduced unless the blood flow is occluded.
Introduction
In recent years, kidney cancer patients have increased worldwide. Although several treatment options are available, a partial nephrectomy procedure is typically performed to protect the organ's functionality (Campbell et al., 2009) .
During a conventional open surgery, blood flow to the kidney is occluded by clamping the renal artery and vein before cutting the organ to avoid excessive bleeding. Subsequently, kidney ischemia damage will occur if the clamping lasts for more than 30 min and interrupts blood flow to the kidney under normal circumstances. Hypothermia is a typically adopted strategy to prevent ischemia damage by cooling the organ core. If the core temperature of the kidney can be cooled to 20 °C, then the ischemic time can be extended up to 150 min (Ward, 1975) . In an open surgery, this is achieved by placing a plastic bag filled with chilled single-phase saline or slush saline ice around the organ (Gill et al., 2003) . This procedure can reduce an organ's demand for oxygen, thus mitigating the effects of warm ischemia and extending surgery time significantly beyond 30 min.
Laparoscopic surgery, a minimally invasive operation in the abdomen with small incisions, is being developed rapidly to replace open surgery. Laparoscopic surgery aids in diagnosis or therapeutic interventions with a few small cuts in the abdomen, affording a number of advantages to the patient such as smaller incisions, shorter recovery time, Okabe, Nishikawa, Miyagawa, Inamura and Fumoto, Journal of Fluid Science and Technology, Vol.14, No.3 (2019) reduced hemorrhaging, and less post-operative scarring. Even though laparoscopic surgery affords numerous advantages, no effective method exists for cooling the kidney using minimally invasive approaches owing to insufficient access for hand packing with crushed saline ice. Thus, minimally invasive partial nephrectomies can only be performed safely in patients with small tumors in easily accessible locations.
Ice slurry, which is a mixture of fine ice particles and aqueous solution, is expected to be a solution to efficiently cool the kidney during laparoscopic surgery (Kauffeld et al., 2010) . It affords the advantage of absorbing heat more than four times compared to chilled saline, because of its latent heat. Thus, it is known that the target organ can be cooled faster compared to using a single-phase saline, and can be maintained at a constant low temperature during cooling because the ice slurry remains at ~0 °C until all ice has melted. Moreover, a much smaller quantity of ice slurry is required to cool to the same temperature as a single-phase saline. Ice slurry presents the additional benefit of high fluidity, thus allowing to be delivered using a small-diameter tube inserted in a laparoscopic port for coating the outer surface of the kidney.
Because ice slurry could be optimal for cooling organs during a minimally invasive laparoscopic surgery, several researchers have applied ice slurry to cool kidneys during a laparoscopic surgery. Laven et al. (2006) investigated the feasibility of delivering a microparticulate ice slurry to provide regional hypothermia. They demonstrated a more efficient and rapid induction of renal hypothermia using ice slurry delivered through 5-mm laparoscopic ports. Their experimental data indicated that the kidney was cooled rapidly for over 90 min, thus extending the available surgery time significantly. Orvieto et al. (2007) assessed the safety and efficacy of microparticulate ice slurry for laparoscopic hypothermia during renal ischemia in a single-kidney porcine model. Shikanov et al. (2010) performed an in vivo experiment to compare surface cooling with ice slurry against near-frozen saline or warm ischemia during laparoscopic partial nephrectomy in a porcine model. Their experiment indicated that the ice slurry provides superior renal cooling compared with near-frozen saline during laparoscopic partial nephrectomy without core hypothermia.
However, to the best of our knowledge, only clinical studies on a laparoscopic renal hypothermia using ice slurry have been performed and no research has focused on the cooling mechanism of biological tissues using ice slurries in a limited space such as an abdominal cavity and plastic bag. Compared with engineering materials such as metals, biological tissues exhibit unique heat transfer characteristics such as temperature control by blood flow and metabolism, and relatively low thermal conductivity. Particularly, the heat exchange between blood flow and the surrounding tissue is a dominant factor in the heat transfer of biological tissues. By understanding the complex interactions between the slurry and biological tissues in the abdominal cavity, we can induce protective cooling optimally and extend surgery time significantly. An extended surgery time will allow a surgeon to operate on more complex diseases using a minimally invasive laparoscopic surgery. However, due to physiological uncertainties of biological tissues, it is difficult to understand the detailed cooling mechanism of ice slurries in the abdominal cavity by clinical approaches.
In this study, we aimed to understand fundamental interactions between ice slurries and biological tissues. To eliminate the physiological uncertainties and ethical issues, we made a biological phantom which mimics biological effects such as the thermophysical properties and blood flow, and experimentally investigated the cooling process of the biological phantom using ice slurries in a limited space. Especially, we focused on the effects of ice slurry geometry, enclosure width, and mimic-blood flow rate on the melting behaviors of slurries, and the temperature behaviors of phantom.
Method 2.1 Experimental setup
Figures 1 and 2 show the schematic diagram of an experimental setup and test section, respectively. The primary components of the apparatus are a test section, video camera, collecting tank, datalogger, heat exchanger, thermostat bathes, flow meter, valve, pump, and direct-current power supply. To investigate the cooling of ice slurries on biological tissues experimentally, we used a biological phantom to mimic the non-directional flow and thermal effects of blood perfusion in accordance with a previous study (Mudaliar et al., 2008) . It can represent the local flow of through the capillary network and intracellular space of tissue. The biological phantom consisted of a sponge (100 mm × 100 mm × 12.7 mm) with a porosity of 95%, and a mimic blood that is water at 37 °C provided from the bottom of the phantom through a tube of inner diameter of 5 mm. The mimic blood was provided to the sponge through heat exchange from a thermostat bath. The mimic-blood flow rate Qb was adjusted by a valve. The biological phantom allows for a wide range of known, repeatable mimic-perfusion flows while eliminating physiological uncertainties and ethical issues. It provides a controlled environment for the observation of the melting behavior of the ice slurry. This biological phantom has been validated extensively both computationally and experimentally in previous studies (Mudaliar et al., 2008; Ricketts et al., 2008) . According to their results, highly perfused tissues such as kidney can be simulated with the mimic-blood flow rates of 20-30 ml/min.
As shown in Fig. 2 (b) , we used 39 K-type thermocouples with a diameter of 0.127 mm inserted to 39 holes made in a copper plate of thickness 0.3 mm to measure the temperature distribution on the phantom. The positions of each thermocouple were fixed by covering the surface of the copper plate with a copper foil tape. We defined the center of the copper plate surface as the origin. Using these temperature data, temperature contour maps in the area surrounded by a white dashed line shown in Fig. 2 (b) were created every second using MATLAB (Math Works) as shown in Fig.  3 . A set of the temperature data measured during the experiments was processed for each tested condition.
Two other thermocouples (TC1: x = -25 mm, y = 0 mm, z = 5 mm, TC2: x = 0 mm, y = 0 mm, z = 12.7 mm,) in Fig.  2 (a) were used at different depths to evaluate the core temperature of the phantom during cooling. To evaluate the heat flux from the phantom to the ice slurry, a heat flux sensor (D0007, DENSO) with a thermal resistance of 0.0013 (m 2 ･ K)/W was installed between the phantom and copper plate where x = 0, y = 0, and z = 5 mm. To compare with the cooling processes at each tested condition, the melting behavior of the ice slurry was observed using a video camera set at 60 fps (D500, Nikon). 
Experimental condition and procedure
The tested conditions are shown in Table 1 . We prepared the ice slurries with an ice packing factor of 25 wt% using a scraper-type method. The base fluid of the ice slurry was a 3.0 wt% saltwater solution. Before the experiment, the temperatures of the ice slurries were maintained at -2 °C using a constant temperature bath. We prepared the same volume and different geometries of ice slurries for the experiments: 40 mm × 40 mm × 40 mm, 60 mm × 60 mm ×18 mm, and 80 mm × 80 mm × 10 mm. We used an acrylic enclosure of thickness 10 mm to place on the biological phantom, as shown in Fig. 2 . Two enclosures with different geometries, i.e., 40 mm × 40 mm × 40 mm and 80 mm × 80 mm × 40 mm were used to investigate the effect of the supply method of ice slurry on the cooling process. The ratio of the cross-sectional area of the ice slurry As to that of the enclosure Ae was varied as 0.25-1 to investigate the melting behavior of the ice slurry in a limited space such as the abdominal cavity.
The following experimental procedure was used for the tests. First, the flow rate of the mimic blood was set and the mimic blood was provided into the sponge from the its bottom. After the temperature of the system reached the steady state, the ice slurry formed for each condition as Cases 1-7 was placed on the center of the phantom surface and the melting of ice slurry began. Subsequently, data acquisition began at 1-s intervals and continued until the supplied ice slurry has melted. The melting behavior of the ice slurry was observed using a video camera set at 60 fps (Nikon, D500). The experiments using the ice slurries with different geometries were performed for flow rates of Qb = 0 ml/min (Cases 1-4) and 30 ml/min (Cases 5-7).
Results and discussion 3.1 Cooling processes when Qb = 0 ml/min
The temperature responses at the origin and the temperature color maps for each condition when Qb = 0 ml/min are shown in Fig. 4 . Figure 5 shows the melting behaviors of the ice slurry. The blue lines and red lines in Fig. 5 indicate the interface between ice slurry and liquid, and the liquid level, respectively. Thermocouple (a) Initial (b) After supply [℃] In Case 1, as shown in Fig. 4(a) , the surface temperature of the biological phantom decreased rapidly ~15 °C and the ice slurry started to melt. Subsequently, we observed that the temperature increased significantly. This is because the melting of the ice slurry produces a liquid phase, and the difference in density between ice and water causes the slurry to float, as shown in Fig. 5 (a) . In this condition, the buoyancy forces of the melted ice slurry cannot overcome the resistance imposed by viscous forces, resulting in heat conduction to dominate in the liquid phase. In other words, the Rayleigh number is lower than the critical value in the liquid phase. This decreased the amount of heat transfer and increased the temperature compared to the slurry that was in contact. The shape of the melting interface was almost horizontal when the liquid phase was dominated by heat conduction. In this condition, however, the temperature of the phantom surface decreased again because the mimic blood flow rate was 0 ml/min (the heat was not continuously supplied). Because heat from the phantom to the slurry was inhibited owing to the presence of the liquid phase, the slurry required 50 min to melt completely. A temperature decrease occurred in the noncontact area because of high thermal conductivity of the copper plate.
Despite the same slurry geometry as in Case 1, the surface temperatures in Case 2 were maintained lower than those in Case 1, as shown in Fig. 4(b) . Because the melted slurry had spread owing to a smaller As/Ae of 0.25, the slurry remained in contact with the biological phantom, thus resulting in lower temperatures. When the liquid phase thickness became larger than the height of the slurry, the slurry started to float and the phantom surface temperature increased. Even when the slurry had melted, the surface temperatures were less than 15 °C. As the width of the slurry is small compared to the enclosure, the region not in contact with the slurry was cooled by the spread melted slurry. As shown in Fig. 4 (c) , the lowest temperature was observed in a wide range of phantom surface in Case 3. This is because the phantom surface was covered with the slurry in a wide range such that the latent heat could efficiently affect. However, the slurry thickness was small and subsequently became smaller than the thickness of melted ice slurry, thus resulting in a floating slurry, as shown in the middle of Fig. 5 (c) . Thus, the lowest temperature was not maintained for a long time, and the temperature began to increase from an elapsed time of 2.5 min. The time required for all the slurry to melt was the shortest in all tested conditions. As shown in Fig. 4 (d) , the surface temperatures in Case 4 decreased to ~10 °C after the slurry was supplied, and the temperatures increased gradually until the slurry had melted. Similar to Case 1 with As/Ae of 1, the slurry floated after melting (the right of Fig. 5 (d) ), but the temperature could be maintained low owing to the larger contact area. In addition, because the liquid thickness was small, the temperature gradient in the liquid phase was relatively large compared to Case 1, thereby necessitating a temperature lower than 15 °C to be maintained. In this condition, the Okabe, Nishikawa, Miyagawa, Inamura and Fumoto, Journal of Fluid Science and Technology, Vol.14, No.3 (2019) surface temperature change until the slurry had melted was the smallest. Figure 6 shows the time variations of (a) heat flux from the phantom to the slurry, and (b) the core temperatures of the phantom at the depths of 5 mm (x = -25 mm, y = 0 mm) and 12.7 mm (x = 0 mm, y = 0 mm) when Qb = 0 ml/min in Cases 1-4. After the ice slurry was supplied, the core temperatures decreased, depending on the conditions. Immediately after the supply of ice slurry for all tested conditions at Qb = 0 ml/min, the heat flux reached the maximum value and decreased with time. In Case 3, the largest heat flux was observed, and the core temperature was reduced rapidly. For Cases 2 and 4, we observed a similar tendency in the temperature decrease and heat flux. Because the slurry floated and the liquid thickness increased in Case 1, the core temperatures required the longest time to cool.
We found that the cooling of the core temperature of biological tissues without the mimic-blood flow in a limited space depends significantly on the supply method of the ice slurry. When the ice slurry has floated or primarily melted, the melted or remaining ice slurry should be removed through a suction tube. Subsequently, the tissue temperature lower can be maintained lower by supplying additional ice slurries to be in close contact with the tissue.
Note that, in this study, we could not achieve the rapid cooling of core temperature to below 20 o C within 20 min which the ischemia damage will never occur. According to the previous study (Laven et al. (2006) ), in vivo experiment in a porcine model has showed that the kidney is successfully cooled using ice slurry to below 15 o C within 20 min. Comparing with our experimental conditions, a larger amount and higher IPF of ice slurry was applied for the kidney. The anterior and posterior surfaces of the kidney were covered by the ice slurries, providing maximum heat transfer area. These can lead to different temperature behaviors in the cooling process using ice slurries. Therefore, future detailed studies are required to quantitatively evaluate the optimal supply method of ice slurry during a minimally-invasive laparoscopic surgery.
Cooling processes when Qb = 30 ml/min
The temperature responses at the origin and the temperature color maps for each condition when Qb = 30 ml/min are shown in Fig. 7. Figure 8 shows the melting behaviors of the ice slurry. The blue lines and red lines in Fig. 8 indicate the interface between ice slurry and liquid, and the liquid level, respectively. Because the mimic-blood flow rate is increased to 30 ml/min, the heat flux remains higher at the longer times compared to the condition at Qb = 0 ml/min. Physically, the mimic-blood flow can supply more heat flux to the ice slurry. The presence of the mimic-blood flow affected the cooling processes at the tested conditions significantly, as follows.
In Case 5, the surface temperature of the biological phantom decreased rapidly to ~11 °C and the ice slurry started to melt, as shown in Fig. 7 (a) . At the early stage of melting, the temperature increased significantly to ~22 °C because heat conduction dominated in the liquid phase. Although the temperature increase was relatively large owing to the effect of the mimic-blood flow, the tendency was consistent with Case 1. In this condition with the mimic-blood flow, however, the temperature decreased rapidly again from 3.5 min. According to previous studies (Fukusako et al., 1993; Okabe et al, 2018; Miyanishi et al., 2018) , this is owing to a natural convection in the liquid phase. On a liquid heated from below, a natural convection with multicellular flow patterns occurs, known as the Rayleigh-Benard convection, when the Rayleigh number reaches the critical value. In this melting stage, natural convection dominated in the liquid phase, resulting in the decrease in the surface temperatures. When the convection is fully developed, the temperature became almost constant, thus leading to further melting. Subsequently, the melting interface of ice slurry depended on the pattern of the convective cells, as shown in the right side of Fig. 8 (a) . As the ice slurry further melted, the temperatures increased again from ~12.5 min. According to a previous study (Fukusako et al., 1993) , in the melting heat transfer of ice slurry in a rectangular cavity heated from below, the formation and growth of double-diffusive layers near the melting interface owing to thermal and solutal buoyancy forces affected the melting of the ice slurry significantly. The growth of double-diffusive layers inhibits an upward flow of the Rayleigh-Benard convection from reaching the melting surface, resulting in an increase in bulk temperature in the liquid phase. As shown in Fig. 9 (a) , the time variation of heat flux reflected these phenomena.
Similar to Case 2 without the mimic-blood flow, the temperatures were maintained lower than the conditions with As/Ae of 1 owing to the close contact between the ice slurry and phantom ( Fig. 7 (b) ). In Case 6, however, the ice slurry can be melted more easily by the heat from the mimic-blood flow. This promotes the effect of latent heat and results in lower surface temperatures than those of Case 2. In fact, the heat flux was maintained constant primarily while the slurry was in contact with the phantom surface, as shown in Fig. 9 (a) . When the liquid phase thickness became larger than the height of the slurry, as shown in the right side of Fig. 8 (b) , the slurry started to float, and the phantom surface temperatures increased. Subsequently, the effect of latent heat decreased, and the temperatures increased significantly owing to the mimic-blood flow.
As shown in Fig. 7 (c) , after the temperature decrease owing to the supply of ice slurry, we observed a linear increase in surface temperature. Compared to Case 4, the temperature increase was rapid and large in Case 7. Although the ice slurry floated, as evident from Fig. 8 (c) , a natural convection did not occur in the liquid phase. This is because the liquid thickness is too small for reaching the critical Rayleigh number. The behavior of the heat flux was similar to that of Case 4. Figure 9 (b) shows the time variations of the core temperatures of the phantom at depths of 5 mm (x = -25 mm, y = 0 mm) and 12.7 mm (x = 0 mm, y = 0 mm) when Qb = 30 ml/min in Cases 5-7. As evident from the figure, the core temperatures did not change significantly because of the mimic-blood flowing into the phantom. At the depth of 5 mm, the temperature decreases were only 0.7-1.5 °C, which are much smaller than the cases without mimic-blood flow. According to a theoretical study by Okajima et al. (2009) , steady-state thermal penetration depth, which is the deepest depth where the heat effect reaches, exists in biological tissues with blood perfusion. Their calculation indicated that the steady-state thermal penetration depth could be described regardless of the heating/cooling method and only depended on thermophysical properties and the blood perfusion rate of tissues.
In the presence of mimic-blood flow, the melting of ice slurry is promoted and the heat flux on the phantom surface is increased. However, the core temperature is not affected, meaning that the core temperature cannot be cooled unless the blood flow is occluded. Note that, in actual clinical situations, blood flow to the organs is occluded during a surgery. Thus, ice slurry is expected to be a solution for effectively cooling of kidneys during a laparoscopic surgery to suppress biological reactions. 
Conclusion
In this study, we investigated the cooling process of a biological phantom with mimic-blood flow experimentally using ice slurries of different geometries in a limited space. Our conclusions are as follows: 1. The cooling process of biological tissues using ice slurries in a limited space depended on supply conditions such as ice slurry geometry, As/Ae and mimic-blood flow rate. 2. To efficiently decrease the core temperature of biological tissues, the melted or remaining ice slurry should be removed through a suction tube when the ice slurry has floated or primarily melted. Subsequently, we could maintain the tissue temperature lower by supplying additional ice slurry to be in close contact with the tissue. 3. Owing to mimic-blood flow, the melting of the ice slurry was promoted and the heat flux on the phantom surface increased. However, the core temperature was not affected. Note that, in actual clinical situations, blood flow to the organs is occluded during a surgery. Thus, ice slurry is expected to be a solution for effectively cooling of kidneys during a laparoscopic surgery to suppress biological reactions. 4. Because this study was a pilot study, future detailed studies are required to optimize the cooling method quantitatively using ice slurry aimed at rapid cooling during a minimally invasive laparoscopic surgery. Although we placed on a copper plate on the phantom surface to fix the positions of the thermocouples for temperature distribution measurements, the copper plate has much higher thermal conductivity than that of biological tissues and it is completely different from actual in vivo situation. In the future quantitative studies, it is necessary to develop a modified biological phantom that simulates a multilayer structure and thermophysical properties of the tissues. 
